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Model Relies on Semi-Empirical Expression
Ltot(r¯ , z) = L0 + LC
(
1− exp (−z/z0)
(
r¯
rcoil
)N)
Applicable to all inductive coil geometries?
Approved for public release. Distribution is unlimited.
Model Relies on Semi-Empirical Expression
Ltot(r¯ , z) = L0 + LC
(
1− exp (−z/z0)
(
r¯
rcoil
)N)
Applicable to all inductive coil geometries?
Approved for public release. Distribution is unlimited.
Computational Validation
Approved for public release. Distribution is unlimited.
Simulation Configuration for Radial Compression
Approved for public release. Distribution is unlimited.
Simulation Configuration for Radial Compression
Approved for public release. Distribution is unlimited.
Good Agreement from 20◦-55◦
Error Function Better Fit at Angles less than 20◦
Approved for public release. Distribution is unlimited.
Error Function Better Fit at Angles less than 20◦
Non-dimensional Analysis
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Substitutions
I ∗1 =
1
V0
√
LC
C
I1 I
∗
2 =
1
V0
√
LC
C
I2
V ∗ =
V
V0
M∗ =
M
LC
v ∗z =
√
L0C
z0
vz z
∗ =
z
z0
v ∗r =
√
L0C
rcoil
vr r
∗ =
r
rcoil
t∗ =
t√
L0C
P∗ =
P
P1
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dI ∗1
dt∗
= [L∗V ∗ + (M∗I ∗1 + I
∗
2 ) dM
∗/dt∗] /
(
L∗ + 1−M∗2
)
− [ψ1L∗I ∗1 − ψ2L∗I ∗2 M∗] /
(
L∗ + 1−M∗2
)
dI ∗2
dt∗
= M∗
dI ∗1
dt∗
+ I ∗1
dM∗
dt∗
− I ∗2 L∗ψ2
dV ∗
dt∗
= −I ∗1
dr ∗
dt∗
= v ∗r
dz∗
dt∗
= v ∗z
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dI ∗1
dt∗
= [L∗V ∗ + (M∗I ∗1 + I
∗
2 ) dM
∗/dt∗] /
(
L∗ + 1−M∗2
)
− [ψ1L∗I ∗1 − ψ2L∗I ∗2 M∗] /
(
L∗ + 1−M∗2
)
dI ∗2
dt∗
= M∗
dI ∗1
dt∗
+ I ∗1
dM∗
dt∗
− I ∗2 L∗ψ2
dV ∗
dt∗
= −I ∗1
dr ∗
dt∗
= v ∗r
dz∗
dt∗
= v ∗z
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dI ∗1
dt∗
= [L∗V ∗ + (M∗I ∗1 + I
∗
2 ) dM
∗/dt∗] /
(
L∗ + 1−M∗2
)
− [ψ1L∗I ∗1 − ψ2L∗I ∗2 M∗] /
(
L∗ + 1−M∗2
)
dI ∗2
dt∗
= M∗
dI ∗1
dt∗
+ I ∗1
dM∗
dt∗
− I ∗2 L∗ψ2
dV ∗
dt∗
= −I ∗1
dr ∗
dt∗
= v ∗r
dz∗
dt∗
= v ∗z
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dI ∗1
dt∗
= [L∗V ∗ + (M∗I ∗1 + I
∗
2 ) dM
∗/dt∗] /
(
L∗ + 1−M∗2
)
− [ψ1L∗I ∗1 − ψ2L∗I ∗2 M∗] /
(
L∗ + 1−M∗2
)
dI ∗2
dt∗
= M∗
dI ∗1
dt∗
+ I ∗1
dM∗
dt∗
− I ∗2 L∗ψ2
dV ∗
dt∗
= −I ∗1
dr ∗
dt∗
= v ∗r
dz∗
dt∗
= v ∗z
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dI ∗1
dt∗
= [L∗V ∗ + (M∗I ∗1 + I
∗
2 ) dM
∗/dt∗] /
(
L∗ + 1−M∗2
)
− [ψ1L∗I ∗1 − ψ2L∗I ∗2 M∗] /
(
L∗ + 1−M∗2
)
dI ∗2
dt∗
= M∗
dI ∗1
dt∗
+ I ∗1
dM∗
dt∗
− I ∗2 L∗ψ2
dV ∗
dt∗
= −I ∗1
dr ∗
dt∗
= v ∗r
dz∗
dt∗
= v ∗z
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dI ∗1
dt∗
= [L∗V ∗ + (M∗I ∗1 + I
∗
2 ) dM
∗/dt∗] /
(
L∗ + 1−M∗2
)
− [ψ1L∗I ∗1 − ψ2L∗I ∗2 M∗] /
(
L∗ + 1−M∗2
)
dI ∗2
dt∗
= M∗
dI ∗1
dt∗
+ I ∗1
dM∗
dt∗
− I ∗2 L∗ψ2
dV ∗
dt∗
= −I ∗1
dr ∗
dt∗
= v ∗r
dz∗
dt∗
= v ∗z
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dM∗
dt∗
=
N
2
r ∗
N
2 −1v ∗r exp(−
z∗
2
)− 1
2
r ∗
N
2 v ∗z exp(−
z∗
2
)
dv ∗r
dt∗
= λP∗r ∗ − φI ∗21 r ∗
N−1
exp(−z∗)
dv ∗z
dt∗
= αI ∗
2
1 r
∗N exp(−z∗)
dP∗
dt∗
= Ξv ∗r
dv ∗r
dt∗
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dM∗
dt∗
=
N
2
r ∗
N
2 −1v ∗r exp(−
z∗
2
)− 1
2
r ∗
N
2 v ∗z exp(−
z∗
2
)
dv ∗r
dt∗
= λP∗r ∗ − φI ∗21 r ∗
N−1
exp(−z∗)
dv ∗z
dt∗
= αI ∗
2
1 r
∗N exp(−z∗)
dP∗
dt∗
= Ξv ∗r
dv ∗r
dt∗
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dM∗
dt∗
=
N
2
r ∗
N
2 −1v ∗r exp(−
z∗
2
)− 1
2
r ∗
N
2 v ∗z exp(−
z∗
2
)
dv ∗r
dt∗
= λP∗r ∗ − φI ∗21 r ∗
N−1
exp(−z∗)
dv ∗z
dt∗
= αI ∗
2
1 r
∗N exp(−z∗)
dP∗
dt∗
= Ξv ∗r
dv ∗r
dt∗
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dM∗
dt∗
=
N
2
r ∗
N
2 −1v ∗r exp(−
z∗
2
)− 1
2
r ∗
N
2 v ∗z exp(−
z∗
2
)
dv ∗r
dt∗
= λP∗r ∗ − φI ∗21 r ∗
N−1
exp(−z∗)
dv ∗z
dt∗
= αI ∗
2
1 r
∗N exp(−z∗)
dP∗
dt∗
= Ξv ∗r
dv ∗r
dt∗
Approved for public release. Distribution is unlimited.
Resulting Non-dimensional Equation Set
dM∗
dt∗
=
N
2
r ∗
N
2 −1v ∗r exp(−
z∗
2
)− 1
2
r ∗
N
2 v ∗z exp(−
z∗
2
)
dv ∗r
dt∗
= λP∗r ∗ − φI ∗21 r ∗
N−1
exp(−z∗)
dv ∗z
dt∗
= αI ∗
2
1 r
∗N exp(−z∗)
dP∗
dt∗
= Ξv ∗r
dv ∗r
dt∗
Approved for public release. Distribution is unlimited.
New Non-dimensional Parameters
α =
V 20 C
2LC
2mbitz20
ψ1 = Re
√
C
L0
φ =
V 20 C
2LC
2mbitrcoil
2 ψ2 = Rp
√
C
L0
λ =
L0CP12pilcoil
2mbit
Ξ =
4γ
γ + 1
mi
γkT1
1
r 2coilL0C
L∗ =
L0
LC
Approved for public release. Distribution is unlimited.
New Non-dimensional Parameters
α =
V 20 C
2LC
2mbitz20
ψ1 = Re
√
C
L0
φ =
V 20 C
2LC
2mbitrcoil
2 ψ2 = Rp
√
C
L0
λ =
L0CP12pilcoil
2mbit
Ξ =
4γ
γ + 1
mi
γkT1
1
r 2coilL0C
L∗ =
L0
LC
Approved for public release. Distribution is unlimited.
New Non-dimensional Parameters
α =
V 20 C
2LC
2mbitz20
ψ1 = Re
√
C
L0
φ =
V 20 C
2LC
2mbitrcoil
2 ψ2 = Rp
√
C
L0
λ =
L0CP12pilcoil
2mbit
Ξ =
4γ
γ + 1
mi
γkT1
1
r 2coilL0C
L∗ =
L0
LC
Approved for public release. Distribution is unlimited.
New Non-dimensional Parameters
α =
V 20 C
2LC
2mbitz20
ψ1 = Re
√
C
L0
φ =
V 20 C
2LC
2mbitrcoil
2 ψ2 = Rp
√
C
L0
λ =
L0CP12pilcoil
2mbit
Ξ =
4γ
γ + 1
mi
γkT1
1
r 2coilL0C
L∗ =
L0
LC
Approved for public release. Distribution is unlimited.
Physical Meaning of Scaling Parameters
Circuit Timescale
α =
C 2V 20 LC
2mbitz20
=
1
8pi2
CV 20 /2
mbitv 2z /2
L∗
(
2pi
√
L0C
L0/L˙z
)2
Axial Decoupling Timescale
Circuit Timescale
φ =
C 2V 20 LC
2mbitr 2coil
=
1
8pi2
CV 20 /2
mbitv 2r /2
L∗
(
2pi
√
L0C
L0/L˙r
)2
Radial Decoupling Timescale
Approved for public release. Distribution is unlimited.
Physical Meaning of Scaling Parameters
Circuit Timescale
α =
C 2V 20 LC
2mbitz20
=
1
8pi2
CV 20 /2
mbitv 2z /2
L∗
(
2pi
√
L0C
L0/L˙z
)2
Axial Decoupling Timescale
Circuit Timescale
φ =
C 2V 20 LC
2mbitr 2coil
=
1
8pi2
CV 20 /2
mbitv 2r /2
L∗
(
2pi
√
L0C
L0/L˙r
)2
Radial Decoupling Timescale
Approved for public release. Distribution is unlimited.
Physical Meaning of Scaling Parameters
Circuit Timescale
α =
C 2V 20 LC
2mbitz20
=
1
8pi2
CV 20 /2
mbitv 2z /2
L∗
(
2pi
√
L0C
L0/L˙z
)2
Axial Decoupling Timescale
Circuit Timescale
φ =
C 2V 20 LC
2mbitr 2coil
=
1
8pi2
CV 20 /2
mbitv 2r /2
L∗
(
2pi
√
L0C
L0/L˙r
)2
Radial Decoupling Timescale
Approved for public release. Distribution is unlimited.
Physical Meaning of Scaling Parameters
Circuit Timescale
α =
C 2V 20 LC
2mbitz20
=
1
8pi2
CV 20 /2
mbitv 2z /2
L∗
(
2pi
√
L0C
L0/L˙z
)2
Axial Decoupling Timescale
Circuit Timescale
φ =
C 2V 20 LC
2mbitr 2coil
=
1
8pi2
CV 20 /2
mbitv 2r /2
L∗
(
2pi
√
L0C
L0/L˙r
)2
Radial Decoupling Timescale
Approved for public release. Distribution is unlimited.
Radial Motion Shifts Peak in Thrust Efficiency
Approved for public release. Distribution is unlimited.
Thrust Efficiency Maximum at Lower Values of Phi
Approved for public release. Distribution is unlimited.
Combined Effects of α and φ on ηt
Approved for public release. Distribution is unlimited.
Conclusions
Approved for public release. Distribution is unlimited.
Conclusions
Radial current sheet motion causes slower axial
current sheet acceleration
This leads to dynamic impedance matching at
longer characteristic circuit times
Thrust efficiency is maximized when the axial
decoupling timescale is shorter than the radial
decoupling timescale
Approved for public release. Distribution is unlimited.
Conclusions
Radial current sheet motion causes slower axial
current sheet acceleration
This leads to dynamic impedance matching at
longer characteristic circuit times
Thrust efficiency is maximized when the axial
decoupling timescale is shorter than the radial
decoupling timescale
Approved for public release. Distribution is unlimited.
Conclusions
Radial current sheet motion causes slower axial
current sheet acceleration
This leads to dynamic impedance matching at
longer characteristic circuit times
Thrust efficiency is maximized when the axial
decoupling timescale is shorter than the radial
decoupling timescale
Approved for public release. Distribution is unlimited.
Acknowledgments
The authors appreciate the help and support of Mr.
Adam Kimberlin, Dr. Adam Martin, Dr. Noah
Rhys, Mr. J. Boise Pearson, and Mr. Jim Martin.
This work was supported in part by NASA’s
Advanced In-Space Propulsion program managed by
Dr. Michael LaPointe and the Office of the Chief
Technologist In-Space Propulsion Program managed
by Mr. Timothy Smith.
Questions?
